Objectives To determine the feasibility of MRI texture analysis as a method of quantifying subchondral bone architecture in knee osteoarthritis (OA). Methods Asymptomatic subjects aged 20-30 (group 1, n = 10), symptomatic patients aged 40-50 (group 2, n = 10) and patients scheduled for knee replacement aged 55-85 (group 3, n = 10) underwent high spatial resolution T1-weighted coronal 3T knee MRI.
Introduction
The development of novel therapeutic approaches in osteoarthritis (OA) is hampered by a limited ability to detect the earliest stages of disease [1] . This is important as it is individuals with early disease who are most likely to respond to targeted preventative or regenerative therapy, before irreversible changes have occurred.
Magnetic resonance (MR) imaging is an established method for OA diagnosis and monitoring disease progression. The importance of subchondral bone (SB) in the pathogenesis of OA is well established [2] . To date, much MR imaging research in OA has been focussed on articular cartilage where multiple quantitative parameters are available [3] . For example, T2 mapping is able to demonstrate increased water content of articular cartilage associated with changes in collagen content and has demonstrated good correlation with the degree of histological degeneration [4] . However, it has been suggested that changes in SB may occur in parallel to or even predate cartilage loss [5, 6] , and dynamic changes in the SB have been demonstrated in response to treatment [7] . Therefore, biomarkers of early changes in SB architecture may be helpful in the early detection and monitoring of OA as well as evaluation of treatment response.
SB architecture has been evaluated using radiography, employing techniques such as fractal signature analysis [8, 9] , bone density measurement [10] and trabecular microstructural analysis [11] . Such techniques have had some success in demonstrating associations between changes in SB structure/ density with onset and progression of OA. However, radiographic evaluation has the disadvantage, when compared to MR, of lack of information on other joint structures involved in the disease process.
MR quantification of SB architecture to date has focused on trabecular microstructural analysis [12] [13] [14] [15] , although alternatives including semiquantitative grading of subchondral sclerosis [16] and MR signal heterogeneity analysis [17] have been attempted. While initial results from these techniques have been promising, a number of issues remain. For example, the gradient echo sequences used to achieve the required spatial resolution for trabecular microstructural analysis within a feasible timeframe in vivo are prone to artefacts, and many of the structural parameters calculated are highly sensitive to changes in acquisition parameters, therefore limiting reproducibility [14, 18] .
Textural analysis (TA) offers an alternative method for MR quantification of SB architecture distinct to conventional trabecular microstructural analysis. This is a statistical image analysis technique aiming to quantify the texture of an image on the basis of pixel signal intensity distributions and the relationships between values of neighbouring pixels. Its value lies in detecting subtle alterations in appearance of a tissue early in the pathological process that are invisible to the naked eye. TA has proven of value in several radiological studies, including colorectal cancer prognosis, structural changes in myoclonic epilepsy and differentiation of types of gastric tumour [19] [20] [21] [22] . It has also demonstrated utility in the musculoskeletal system, for instance in evaluating articular cartilage at the knee and bone structure at the femoral neck [23, 24] . TA of trabecular bone has demonstrated good correlation with conventional structural bone parameters [25, 26] .
However, TA has not been used to date as a method of assessing subchondral bone architecture at the knee. It may offer potential as a biomarker of early OA suitable for use in further longitudinal studies.
The objective of this study was to determine the feasibility of MR TA as a method of quantifying subchondral bone architecture at the tibial plateau.
Materials and methods
Ethical approval for the study was obtained from the local research ethics committee. All subjects provided written, informed consent. This was a prospective, observational feasibility study carried out at our institution between February and August 2014.
Participants
Three groups of 10 participants were recruited. Group 1 contained 10 asymptomatic volunteers aged 20-30 who had a normal BMI (body mass index). Group 2 contained 10 participants aged 40-50 who had been referred to the orthopaedic service at our institution with non-traumatic knee pain and had knee radiographs demonstrating no significant OA (KellgrenLawrence grade < 2) [27] . Group 3 contained 10 participants aged 55-85 who were scheduled to undergo total knee replacement (TKR).
These participant groups were designed to provide a crosssectional sample of various stages of OA, including normal/no OA (group 1), at risk of OA/possible early OA (group 2) and established OA (group 3).
Participants were excluded if there was a history of significant lower limb injury or lower limb surgery, inflammatory arthritis, haematological malignancy, bone metastases, metabolic bone disease or if there was a contraindication to MR imaging.
All participants had their height and weight recorded at the time of their MR examination and completed an Oxford Knee Score questionnaire to assess severity of symptoms [28] .
Radiographs
Participants in groups 2 and 3 underwent weight-bearing anteroposterior and lateral radiographs of the symptomatic knee prior to MR imaging. The Kellgren-Lawrence grading of OA was assessed by two independent observers, both radiology residents with 3 years' experience (JM and PM), with any disagreement resolved by consensus with a senior reader, a musculoskeletal radiologist with 12 years' experience (AT). Participants in group 2 were excluded if there was evidence of OA (Kellgren-Lawrence ≥ 2).
MR imaging
All participants underwent MR of the knee on a GE 3.0T wide-bore platform (GE Healthcare, Amersham, UK) using an 8-channel high-definition knee coil (GE WD 750 Fig. 1 .
Clinical MR analysis
All MR studies were reviewed by a consultant musculoskeletal radiologist with 12 years' experience (AT). As the purpose of group 2 was to include individuals with possible early OA, any potential participants in group 2 with MR evidence of established OA-as defined for the purposes of this study by full thickness cartilage defects or BMLs-were excluded. We did not include ligament damage or meniscal pathology in our exclusion criteria as these are considered as predisposing factors for OA rather than features of established OA as such [29] . One potential group 2 subject was excluded as a result of a full thickness cartilage defect. The MR studies of group 1 participants were also reviewed to ensure that there was no structural abnormality.
Sample size
There were no reliable pilot data available for this study; thus, a formal sample size calculation was not performed. However, the numbers included are at least equal to those in similar previous studies evaluating novel imaging methods in OA [14, 30] .
Texture analysis
Texture analysis was performed on the medial and lateral tibial SB using dedicated software (MazDa version 4.6) [31] . For this analysis, six high resolution T1w coronal images through the central portion of the tibial plateau (as determined by cross referencing to sagittal and axial localizers) were selected for each subject. Regions of interest (ROI) were created to enclose the medial and lateral SB on each image. The ROI was defined superiorly by the osteochondral junction, inferiorly by the proximal tibial physeal scar, and medially/laterally by vertical lines drawn through the apex of the medial/lateral tibial spines and medial/lateral borders of the tibial plateau (Fig. 2) .
Twenty texture parameters, listed in Table 1 , were extracted for each ROI on each slice. Run-length matrix (RLM) parameters are calculated four times for each ROI (vertical, horizontal, 45°, 135°) and grey-level co-occurrence matrix (GLCM) parameters are calculated 20 times for each ROI at a variety of pixel offsets. For the comparison of textural features between groups, the mean value of RLM and GLCM parameters was used for each ROI, giving a total of 20 parameters to be analysed. A more detailed description of the texture parameters calculated is provided by Haralick et al. [32] .
ROI creation was performed by two independent observers, both radiology residents with 3 years' experience (JM and PM). Reproducibility was assessed by constructing Bland-Altman plots and determining the mean bias and 95 % limits of agreement for each calculated texture parameter [33] .
Texture comparison
The distribution of textural features in each group was assessed using Q-Q plots to see if a normal distribution could be assumed for further testing.
The mean values of each textural parameter were then compared between groups using one-way ANOVA with post hoc unpaired Student's t tests where significant differences between the three groups were demonstrated. The Bonferroni method was used to account for multiplicity of testing. With 20 parameters compared between groups at both medial and lateral tibial plateau, a significant difference between the means was therefore defined by a p value of less than 0.0025 (0.05/20). We did not adjust for age, sex or BMI in this feasibility study as differences in these parameters between groups did not affect the primary research question.
Cartilage analysis
Cartilage T2 mapping was performed in groups 1 and 2 using a GE workstation equipped with T2 mapping capability (Functool, AW VolumeShare 5, GE Healthcare). This was to determine whether hypothesized differences in subchondral bone texture parameters were associated with quantitative differences in the overlying articular cartilage.
The medial and lateral tibial cartilage was segmented manually on the six coronal images corresponding to those used for textural analysis. The mean T2 relaxation time for the medial and lateral cartilage on each image was recorded. Most participants in group 3 had areas of full thickness cartilage loss; therefore, T2 mapping was not performed in this group.
The mean medial and lateral cartilage T2 values were compared between groups 1 and 2 using an unpaired Student's t test (following assessment for a normal distribution), with a significant difference between the means defined as a p value of less than 0.05.
Linear discriminant analysis
The ability of textural analysis to classify individual images and individual participants into the correct group was evaluated using linear discriminant analysis (LDA), a statistical method used in machine learning to determine the linear combination of features best able to classify a given set of data.
The most discriminating of the calculated textural features were selected using a combination of the Fisher coefficient (ratio of between-group variance to within-group variance) and the probability of classification error (POE)/absolute correlation coefficient (ACC) minimization method. A full description of these methods is provided by Szczypiński et al [31] .
The textural features selected as most discriminating were used to perform LDA. The usefulness of LDA to classify images was assessed using the linear separability coefficient [34] . This has a value between 0 and 1, with 1 representing perfect classification. The number of misclassified images and misclassified participants was calculated. A participant was defined as being misclassified if more than 2/6 coronal images used for analysis were incorrectly classified.
The LDA was performed in duplicate using both medial and lateral tibial plateau data sets.
Results

Participants
Baseline characteristics of study participants are summarized in Table 2 .
Texture analysis
At the medial tibial plateau, mean values of 18/20 textural parameters were significantly different between the three groups. The run-length matrix (RLM) parameter grey-level non-uniformity (GLNU) demonstrated significant difference between all combinations of individual groups in post hoc tests. Fig. 2 Region of interest creation in the medial tibial SB using MazDa textural analysis programme. The ROI boundary (white dashed line) was defined medially and laterally by vertical lines through the apex of the medial/lateral tibial spines and the medial/lateral edges of the tibial plateau, superiorly by the osteochondral junction and inferiorly by the proximal tibial physeal scar Results for all parameters are summarized in Tables 3 and 4 and in Fig. 3 .
Inter-observer reliability
Results of Bland-Altman analysis with mean bias and 95 % limits of agreement for each calculated texture parameter are demonstrated in Table 5 , with selected Bland-Altman plots in Fig. 6 .
Cartilage mapping
There was no significant difference (p = 0.125) in mean cartilage T2 values at the medial tibial plateau between group 1 (mean 39.0 ms, 95 % CI 37.7-40.3) and group 2 (40.6 ms, 38.8-42.4) and no significant difference (p = 0.06) in mean cartilage T2 value at the lateral tibial plateau between group 1 (33.1 ms, 32.0-34.2) and group 2 (34.8 ms, 33.6-36.0).
Linear discriminant analysis
LDA demonstrated a linear separability coefficient of the data points into three groups of 0.76 using medial tibial plateau data and 0.78 using lateral tibial plateau data (Fig. 4) . The linear separability coefficient assesses how well separated the data points belonging to each class are by the discriminant functions, with a value between 0 and 1 (1 = perfect) [34] .
Medial tibial plateau data gave a slice classification accuracy of 154/180 (86 %, 95 % CI 80-91 %) and a subject classification accuracy of 29/30 (97 %, 91-100 %). Lateral tibial plateau data also gave a slice classification accuracy of 154/180 (86 %, 80-91 %) and a subject classification accuracy of 29/30 (97 %, 91-100 %).
Discussion
This study demonstrated a significant difference in the MR SB texture of the three groups. Discriminant analysis using texture parameters was able to accurately classify subjects into the correct group. These results suggest that MR TA is a feasible method of quantifying SB architecture at the tibial plateau.
Most textural features were significantly different between the three groups. It is unsurprising that the majority of features were significantly different between groups 1 and 3 and groups 2 and 3, as the appearances of the SB of knees with significant OA are different to those without OA to the naked eye.
Of more importance are those textural parameters significantly different between groups 1 and 2. Individuals in group 2 had no radiographic evidence of OA (Kellgren-Lawrence < 2), no BML and no focal cartilage defects. Quantitative cartilage imaging with T2 mapping did not reveal any significant differences between the two groups, implying no significant difference in degree of histological cartilage degeneration [4] . Therefore, a significant difference in the SB texture of these two groups supports the hypothesis that alterations in SB architecture occur early in the OA disease process. The lack of significant difference in the mean T2 values of the overlying articular cartilage suggests that these changes in the SB may be occurring prior to any cartilage degeneration, although longitudinal studies would be required to elucidate the exact series of events.
The spatial resolution required for reliable direct MR measurement of trabecular bone microstructural parameters can be difficult to achieve at commonly available field strengths (≤3.0 T) and within clinically feasible timeframes in vivo, particularly when there are a number of other joint structures to be imaged. Texture parameters calculated from clinically feasible lower resolution images have demonstrated excellent correlation with conventional structural parameters in several studies [25, 35] .
Each textural parameter measures a particular property of the arrangement of pixels within an ROI such as variance, contrast and branching. Conceptually a number of these parameters have correlates with trabecular changes that are known to occur in OA. Such changes are likely to be visible to the naked eye in advanced OA. However, it is possible that in early disease subtle structural alterations are taking place in the SB such as increased trabecular discontinuity, thickening and disorganisation, all abnormalities described in OA [36] . Changes in each class of texture parameter may reflect these alterations. For example, a generalized increase in tissue disorganisation is likely to manifest as increased heterogeneity within the ROI. This would be reflected by changes in histogram-based features such as variance, which characterise the overall distribution of pixel values within the ROI. Loss of the fine linear pattern of the subchondral trabeculae with alternating areas of high and low signal would affect gradientbased features which measure the spatial variation of grey values across an image and depend on the smoothness of transition from areas of high to low signal intensity and vice versa. Increased trabecular discontinuity would affect RLM parameters such as GLNU, which are calculated on the basis of the number of pixels of a given grey value occurring in runs (i.e. having adjacent pixels of the same MR signal intensity) within the ROI. A generalized increase in the number of areas of homogeneous low signal intensity (reflecting subchondral sclerosis) would affect GLCM parameters such as contrast, which are dependent on the spatial distribution of pixel values within the ROI.
LDA proved successful at classifying subjects into the correct group, with a subject classification accuracy of 97 %. Such a classification method may have the potential to stratify risk of OA progression (Fig. 5) . At the medial tibial plateau, it can be seen that some of the group 2 data points are closer to the group 1 data points (zone 1), whereas some are closer to those of group 3 All values are mean (SD). Significant differences are highlighted in bold. Parameters demonstrating significant differences between groups are highlighted with asterisks (*) N/A not applicable (zone 2). It could be that individuals with data points in zone 2 have more unfavourable SB architecture and are therefore at increased risk of progression to frank OA. Should this method be validated in larger, longitudinal studies, LDA could be used to identify individuals most likely to benefit from targeted preventative therapy.
The results of this study should be taken in the context of a wider body of work emphasizing the importance of SB in OA pathogenesis and progression. Radiographic indices of subchondral bone integrity have previously been associated with increased cartilage thickness [10] and decreased risk of progressive joint space loss [9] . Previous MR studies have demonstrated alterations in microstructural trabecular morphometry measurements between volunteers and individuals with OA [13, 14] , and that such measurements correlate well with severity of OA [15] . Proposed mechanisms of alteration in SB architecture include entry of inflammatory infiltrates via vascular channels in the SB [37] and increased deposition of subchondral marrow lipids [38] .
Subchondral bone is a potential therapeutic target in OA. The dynamic nature of bone is well established. Physical therapy interventions have been shown to cause increased bone formation in patients mild OA [7] . Microfracture techniques, which are widely used in the repair of osteochondral injury, are based on the stimulation of SB to regenerate the overlying cartilage [39] . Given its potential ability to depict subtle early changes as demonstrated in this study, TA of SB may offer a way to evaluate dynamic changes in SB architecture with OA treatment.
This study has demonstrated the feasibility of TA as a method of quantifying SB architecture. Our method was reliable with Bland-Altman analyses demonstrating 95 % limits of agreement for most parameters that were substantially less than the magnitude of the differences between groups. Previous studies using TA have demonstrated similarly excellent reproducibility [24] . Parameters with wider 95 % limits of agreement are likely to be more sensitive to small changes in ROI position. Moreover, some parameters demonstrated a funnelling effect, with more disagreement at higher values (Fig. 6) . Higher values for most texture parameters were found in group 3 (advanced OA). The irregularity of the SB contour in these individuals may have led to increased variation in ROI placement between observers. This study had several limitations. Our method is based on MR signal, which-unlike attenuation values in CT-is dependent on acquisition parameters and may vary across MR platforms, limiting the generalizability of our results. However, a previous TA study looking at tissues around the knee found that whilst there was some variability of texture parameters between MR platforms, the ability to distinguish between different tissue types remained [40] . Nevertheless future validation of this technique across platforms remains important.
Previous studies evaluating SB have used 3D isotropic gradient echo sequences in order to allow calculation of conventional trabecular microstructural parameters [14, 15] . Our study used a 2D high spatial resolution T1-weighted sequence designed to maximise signalto-noise ratio owing to increased slice thickness compared with 3D sequences. This does not permit calculation of volumetric data. However, TA of such 2D images has previously demonstrated good correlation with conventional structural parameters [24, 26] , suggesting that textural parameters derived from these images can indeed provide a good assessment of bone architecture.
There was intentional variation in participant age between the three study groups in this study. The relative contribution of normal ageing versus the OA disease process to the SB changes demonstrated is therefore uncertain. However, this did not affect the primary research question which was to determine the feasibility of MR TA as a method of quantifying SB architecture at the Fig. 3 Comparison of texture features variance (histogram parameter), gradient mean (gradient parameter), GLNU (RLM parameter) and contrast (GLCM parameter) between groups 1, 2 and 3 at the medial and lateral tibial plateau. Error bars represent standard errors of the means tibial plateau and as a tool for identifying early subchondral changes. The results of this study suggest that it is and the heterogeneity of participant groups does not affect this outcome. Moreover, the effect of normal ageing in isolation on SB architecture does not offer an explanation as to why more textural parameters were significantly different between groups at the medial tibial plateau (18/ 20 parameters) than at the lateral tibial plateau (12/20 parameters). This may reflect the fact that medial compartment OA is significantly more common than lateral compartment OA [41] , with more SB architectural alteration having occurred in this compartment in individuals who have established OA or may be developing early OA. We performed analysis only of the tibial SB and articular cartilage and did not include the femur or patella. This was due to the flatter articular surface of the tibia facilitating easier and more reproducible ROI placement. In addition, previous studies of subchondral bone changes in OA have used the tibia for initial assessment [42, 43] . Future studies could extend our methodology to the femur and patella.
This was a pilot study aiming to test the feasibility of TA to quantify SB architecture rather than determining the series of events in OA pathogenesis. Future studies using the method could involve a longitudinal element to evaluate this further, and also determine the sensitivity to change of the method following an intervention. Fig. 6 Bland-Altman plots illustrating inter-observer agreement for selected texture features Fig. 5 Schematic diagram illustrating distribution of data points for group 1 (red circle), group 2 (green circle) and group 3 (blue circle) at the medial tibial plateau. Some data points in group 2 overlap with those of group 1 (marked as zone 1), and some overlap with group 3 (zone 2). Individuals with data points in zone 2 may be at increased risk of progression to OA
